We present results from Subaru/FMOS near-infrared (NIR) spectroscopy of 118 star-forming galaxies at z ∼ 1.5 in the Subaru Deep Field. These galaxies are selected as [O II] ratios. With evidence that the electron density is consistent with local galaxies, the high ionization of galaxies at high redshifts may be attributed to a harder radiation field by a young stellar population and/or an increase in the number of ionizing photons from each massive star.
Introduction
Recent studies indicate that H II regions in star-forming galaxies at z ≈ 1-3 differ from those in local galaxies (e.g., Brinchmann et al., 2008; Liu et al., 2008; Shirazi et al., 2014; Newman et al., 2014) . The measured ionization parameter in star-forming regions at high redshifts is found to be higher than in normal star-forming galaxies in the local Universe (Nakajima et al., 2013; Richardson et al., 2013; Amorín et al., 2014b; Holden et al., 2014; Ly et al., 2014a; Nakajima & Ouchi, 2014; Shirazi et al., 2014) . It is also suggested that H II regions of high-z galaxies have a harder stellar ionization radiation field (Steidel et al., 2014) and higher electron densities (Hainline et al., 2009; Bian et al., 2010; Shirazi et al., 2014; Shimakawa et al., 2014) .
The SFR of galaxies is known to increase by ∼ 30 times from the local Universe up to z ≈ 2.5 at a given stellar mass (e.g., Daddi et al., 2007; Ly et al., 2011; Whitaker et al., 2014) , and the number density of active galactic nuclei (AGNs) peaks at z ≈ 2-3 (Hopkins et al., 2007) . Moreover, studies suggest that the gas fraction in galaxies increases up to ∼ 50% at z ∼ 2 from < ∼ 10% at z ∼ 0 (Leroy et al., 2008; Tacconi et al., 2010; Geach et al., 2011) . Given these facts, it is not surprising that AGN and supernova feedback, and a larger contribution of young massive stars to the radiation field can alter the conditions of the interstellar matter (ISM) in high-z galaxies.
Many studies of the metal content in H II regions of galaxies, and its redshift evolution have revealed a stellar mass-metallicity relation: more massive star-forming galaxies are more chemically enriched. This correlation evolves toward lower metallicity (at a given stellar mass) at higher redshift (e.g., Tremonti et al., 2004; Savaglio et al., 2005; Shapley et al., 2005; Erb et al., 2006; Maiolino et al., 2008; Liu et al., 2008; Hayashi et al., 2009; Queyrel et al., 2009 Queyrel et al., , 2012 Yuan & Kewley, 2009; Richard et al., 2011; Rigby et al., 2011; Yabe et al., 2012 Yabe et al., , 2014 Roseboom et al., 2012; Stott et al., 2013; Yuan et al., 2013; Henry et al., 2013b; Zahid et al., 2013 Zahid et al., , 2014 Wuyts et al., 2014; Divoy et al., 2014; Ly et al., 2014a,b; de los Reyes et al., 2015) . However, the redshift dependence of the ISM in star-forming galaxies can produce one of the major uncertainties in metallicity measurements at high redshifts. This is because strong nebular emission line diagnostics generally used to estimate the oxygen abundance of highz galaxies are calibrated with metallicity derived by photoionization models or metallicity based on electron temperature (T e ) in the local Universe (e.g., Pagel et al., 1979; McGaugh, 1991; Kewley & Dopita, 2002; Pettini & Pagel, 2004; Nagao et al., 2006; Kewley & Ellison, 2008) . Metal emission lines, such as [O II] and [O III] in H II regions, arise from collisional excitation of ions with electrons. The intensity ratios of nebular emission lines are sensitive to not only metallicity, but also the ionization state and electron density of the ISM. Using diagnostics that are calibrated with local galaxies requires that we assume that the physical state of the gas in high-z star-forming galaxies is similar to that of local galaxies. However, recent studies are raising doubts that this assumption holds at high redshifts.
In this paper, we focus on z ∼ 1.5 star-forming galaxies and investigate the physical state of their ISM and how it compares to local galaxies using six strong nebular emission lines seen in the rest-frame optical wavelength: [ Kashikawa et al., 2004) , which are identified by NB921 (λ c =9196Å, ∆λ=132Å) or NB973 (λ c =9755Å, ∆λ=202Å) narrow-band imaging (Ly et al., 2007 (Ly et al., , 2012a with Suprime-Cam (Miyazaki et al., 2002) on the Subaru Telescope.
While previous studies at z ≈ 1.5-2.5 have begun to increase spectroscopic samples, most of them only have observations based on a limited number of nebular emission lines. For example, four lines of Hα, Hβ, [O III] and [N II] are measured for a few hundred galaxies at z ∼1.4-1.6 in several deep fields (Stott et al., 2013; Zahid et al., 2014; Yabe et al., 2014) . Steidel et al. (2014) study 179 star-forming galaxies at z ∼ 2.3. However, in these studies, limited [O II] information is available. In contrast, all of our galaxies have the [O II] luminosity measured by the narrow-band imaging. There are a few studies with the full rest-frame optical spectra covering [ Hα, and [N II] . Most of the samples are not adequate to discuss the difference and diversity statistically and/or are biased toward massive galaxies or lensed galaxies (at most ∼30 galaxies at z > ∼ 1.5 in Masters et al. (2014) and Maier et al. (2014a) ). Shapley et al. (2014) have used a large sample of 118 galaxies, but it is H-band selected (i.e., mass-selected) sample, and probes z ∼ 2.3, compared with our samples being [O II]-selected at z ∼ 1.5 (Ly et al., 2012a) .
The outline of this paper is as follows. The NIR spectroscopic observations and the data reduction are described in §2. Identification of emission lines in the individual spectra and the measurement of emission-line fluxes are also described. In §3, we study the physical state of ISM in galaxies at z ∼ 1.5, focusing on measurements of the electron density, dust extinction, AGN contribution, ionization parameter and metal abundance. We then investigate the relationship between Hα and [O II] fluxes for individual galaxies, both of which are widely used as star formation indicators (e.g., Kennicutt, 1998) . In §4, we discuss possible mechanisms causing any differences between [O II] emitters at z ∼ 1.5 and star-forming galaxies in the local Universe. We also compare our results with the previous studies on star-forming galaxies at similar redshifts. In §5, concluding remarks are provided. All magnitudes are provided on the AB system (Oke & Gunn, 1983) , and a cosmology consisting of h = 0.7, Ω m = 0.3, and Ω Λ = 0.7 is adopted throughout this paper.
Observations and Data
2.1. Star-forming galaxies at z ∼ 1.5
2.1. (Ly et al., 2007 (Ly et al., , 2012a 
where f X and ∆X are the flux density and full width at half maximum (FWHM) of bandpass "X", respectively. The FWHM of z ′ is 955Å. To detect the six major nebular emission lines in restframe optical for these [O II] emitters at z ∼ 1.5, NIR spectroscopy was conducted with the Fiber Multi Object Spectrograph (FMOS; Kimura et al., 2010) on the Subaru Telescope. FMOS is a unique NIR spectrograph with 400 fibers over a wide field-of-view (FoV), 30 arcmin (diameter). The observations consist of two programs (S12A-026 and S14A-018, PI: M. Hayashi). The first run was carried out on 7-9 April 2012 to observe 313 galaxies at z ∼ 1.5 (211 NB921 and 102 NB973 [O II] emitters) in high resolution mode in "H-long" (1.60-1.80µm), using three fiber configuration setups. We give a higher priority to galaxies with larger [O II] flux (Figure 1 ). Six G-or Ktype stars with H = 15.5-17.3 mag are also included in each setup as calibration stars. We use the higher spec- and the spectroscopically confirmed sample (filled). The numbers signify the percentage of the confirmed galaxies out of the observed ones in each bin of [O II] flux. The histograms on the top show the distribution of stellar mass of the targets and confirmed galaxies. The galaxies for which the stellar masses are poorly estimated are plotted as galaxies with stellar mass of 10 7 M ⊙ .
tral resolution mode (R ∼ 2200), because it has higher system throughput and is more effective at avoiding contamination from strong OH sky-lines than the low resolution mode (R ∼ 600). The H-band spectra enable us to observe Hα, [N II]λ6584, and [S II]λλ6716,6731. The cross beam switching (CBS) method is adopted, where half of the available fibers are allocated to the targets and, at the same time, the other half of them observe nearby regions of blank sky. That is, a pair of fibers (called "A" and "B") are allocated to a galaxy, and ABAB dithering is performed for optimal sky subtraction. Observations were only conducted during the last 1.5 nights, because the weather was cloudy for the first one and half nights on 7-9 April. The total integration time was 315, 165, or 150 minutes for 143, 10, or 160 galaxies, respectively. The typical seeing was 0.8-1.0 arcsec in the R-band, which was measured for the bright stars near the center of the FoV. The second run was carried out on 11-12 April 2014 to observe 125 galaxies at z ∼ 1.5 (81 NB921 and 44 NB973 [O II] emitters) in high-resolution mode in "J-long" (1.11-1.35µm) using two fiber configuration setups. The J-band spectra enable us to observe Hβ and [O III]λλ4959,5007.
In the second run, we targeted galaxies observed in the first run for spectral coverage of all emission lines. We gave a higher priority to the galaxies with detections of Hα in the H-band spectrum. Moreover, since the J and H spectra were taken in different observing conditions on different dates, we allocate fibers to the same calibration stars for accurate flux calibration in all observation runs. The CBS method is also adopted in the second run. On 11 April, almost all of the night was affected by thin cirrus coverage, and the seeing was 0.7-1.1 arcsec. The sky cleared on 12 April, however, the seeing was poor for the first half of the night (∼1.4-1.7 arcsec). Thus, we only obtained optimal data under clear sky condition and sub-arcsec seeing (0.7-1.0 arcsec) for one half-night on 12 April. The total integration time was dependent on the target; 540 (390) minutes for 49 (76) galaxies, respectively. Note that the data taken under marginal conditions are also used in this study after correcting for the loss of flux. Figure 1 shows the observed [O II] flux of the 313 [O II] emitters targeted in the FMOS observations as a function of stellar mass ( §2.1.4). This figure shows that although our target sample is biased toward bright galaxies with
, compared with the whole sample of [O II] emitters at z ∼ 1.5, we have observed starforming galaxies with stellar mass covering about three orders of magnitude.
Data reduction
The FIBRE-pac data reduction package (Iwamuro et al., 2012 ) is used to reduce the FMOS data. We run the FIBRE-pac in a standard manner. One difference is that we first reduce the data per each set of succeeding "AB" sequence, and then all of the data are combined after the flux calibration while weighting each frame based on the flux observed through FMOS fibers. Note that the calibration includes the correction for fiber flux loss which is estimated from a calibration star. The effects of differ- ential refraction can be important at high airmasses and with relatively small fibers (1.2" diameter). However, the fiber positioner for FMOS is designed to mitigate these effects (Akiyama et al., 2008) . All of the observations were carried out at airmass less than 2.0 and we re-position the fibers every 30 minutes during our observations to account for the different zenith distances. Furthermore, we make sure that the stellar continuum spectrum is well calibrated and there is no discrepancy in the flux between the spectra separated into the J-long and H-long coverage for the stars used in the flux calibration.
For extended sources, additional aperture correction is required to correct for flux loss. Yabe et al. (2012) have shown that the covering fraction by the 1.2" FMOS fiber is 0.45 for typical galaxies at z ∼ 1.4. We use the same aperture correction in our galaxies. Note that the covering fraction is not strongly dependent on the size of the point spread function (PSF), if the galaxies are more extended than 1.2". As mentioned above, the flux calibration by FIBRE-pac corrects for the flux loss for point-sources. The 1.2" aperture includes ∼90% of the total flux for the point sources. Here we assume that the FWHM of the PSF is 0.85" and a Gaussian profile for the PSF, since the seeing in the FMOS observations are ∼0.8-0.9" in Hband. That is, we already corrected for the flux loss by ∼10%. Thus, we made aperture corrections of a factor of 2 (=0.9/0.45) for both the J-and H-band spectra. 
Line detection
We fit Gaussian profiles to the spectra to measure the redshift and the flux of individual emission lines, and estimate the signal-to-noise (S/N) ratio. The Gaussian fitting is conducted separately in the J and H spectra. Each emission line is well fitted with single Gaussian profile with a velocity up to ∼100-200 km s −1 in σ, i.e., no broad component in the line, suggesting that contamination from Type-1 AGN is negligible. Errors on the emission-line fluxes are estimated using the standard deviation of 500 measurements of the flux, where in each measurement a set of Gaussians is fitted to the spectrum to which the error with normal distribution with 1σ spectral noise is added. We regard an emission line with S/N greater than 3 as a detection, and visually inspect it for confirmation.
We succeed in spectroscopically confirming 118 [O II] emitters at z ∼ 1. Table 1 .
Spectroscopic redshifts are computed by taking an average of the detected lines. Figure 3 shows the redshift distribution for the 118 galaxies. We note that there is a discrepancy between the peak of the redshift distribution of the [O II] emitters and the response function of the narrow-band filters. The H-long observations do not cover wavelengths < ∼ 1.607µm in our observations, and also the sensitivity declines sharply at the wavelengths > ∼ 1.72µm. Thus, the Hα emission line is hard to detect at z < ∼ 1.45 and z > ∼ 1.62. This is a likely cause for the discrepancy between the redshift distribution and the response of the narrowband filters. Given an emission-line flux measured with narrow-band imaging, galaxies located further away from the redshift corresponding to the peak of the response curve will have larger intrinsic line fluxes. That is, the redshift distribution shows that Hα lines in galaxies with larger intrinsic [O II] flux are likely to be detected. This also suggests that it is important to correct the emissionline flux for the filter response function using spectroscopic redshift to measure the line flux accurately, even if the observed flux is measured with narrow-band imaging.
A fraction of observed galaxies has no emission line detected, which may be due to several reasons. First, as described above, we are likely to miss Hα emission lines at z < ∼ 1.45 or z > ∼ 1.62. Second, the Hα line strength is fainter than the detection limit. This would be the case for targets with observed [O II] flux lower than ∼ 5 × 10 −17 erg s −1 cm −2 . Indeed, since we regard an emission line at more than 3σ as a detection, we find some observed galaxies with marginal detection that are not in excess of 3σ. Third, the flux of the line is reduced by the masking of OH lines. We note that this is the case for the non-detection of Hα or [O III]λ5007 for some galaxies. Finally, it is possible that targeted galaxies are interlopers. However, there are only two instances in NB921 [O II] emitters where the [O II]λλ3726, 3729 doublet is resolved and detected at z = 3.37 and 3.72. Thus, we conclude that there is low contamination rate in our samples of [O II] emission-line galaxies at z ∼ 1.5.
Stellar mass estimates for [O II] emitters
Multi-wavelength data from UV to mid-infrared are available in the SDF. These data allow us to estimate the stellar mass for individual galaxies by fitting the spectral energy distribution (SED) by population synthesis models. Ly et al. (2012a) performed the fitting to the near-UV-to-near-IR SED for the [O II] emitters in this study. Thus, we briefly summarize the procedure of their SED fitting.
We used Bruzual & Charlot (2003) population synthesis models, and assumed the Chabrier (2003) initial mass function (IMF), exponentially declining star formation histories with τ =0.01, 0.1, 1.0, or 10 Gyr, and solar metallicity. Note that the Chabrier (2003) IMF is adopted throughout this paper, although Salpeter (1955) IMF is adopted in Ly et al. (2012a) . The assumption in metallicity is justified given gas-phase metallicity measurements of near solar values, as we will demonstrate later ( §3.5.2). We also note that the differences in stellar synthesis models are minimal for different metal abundances. The reddening curve of Calzetti et al. (2000) is assumed and dust extinction of A V =0.0-3.0 mag is considered.
As shown in Figure 1 , the [O II] emitters with emission line detected by FMOS have stellar masses of 3 × 10 8 M ⊙ to 2 × 10 11 M ⊙ . With a range of three orders of magnitude in stellar mass, we are able to study both dwarf and massive star-forming galaxies at z ∼ 1.5.
Stacking FMOS spectra
Since Hβ, [N II] and [S II] are generally weak for typical z ∼ 1.5 galaxies, only one target has all five major nebular lines detected (Figure 2 ). In many cases, Hα line is the only emission line detected, as shown in Tables 1 and 2 . Therefore, stacking analyses are essential for investigating the average physical state of ISM in star-forming galaxies at z ∼ 1.5. The subsamples are defined so that the fraction of the detected emission line is as similar as possible, which avoids a large contribution of a biased number of strong emission lines to the stacked spectra.
To make the stacked spectra, we transform the observed spectra into rest-frame based on the spectroscopic redshift. Then we compute the weighted mean of the spectra based on the noise at each wavelength with 3σ clipping. All stacked spectra, shown in Figure Table  3 . [Vol. , Fig. 4 The stacked spectra for the subsamples summarized in Table 2 . The sample-1, -2, and -3 are shown in bottom, middle, and top panels, respectively. In each panel, the spectra are shifted vertically for illustration purposes and the dotted lines show the wavelength of individual emission lines. The average stellar mass, log(M ⋆ /M ⊙ ) , of the subsamples increases upward by 1.5 (1.1) dex in the sample-2 (3), respectively. As galaxies are more massive, the
) line is weaker (stronger) relative to Hα.
The SDSS data
In order to understand the physical state of ISM in star-forming galaxies at z ∼ 1.5, comparisons with local galaxies are useful. The local spectroscopic catalogs are extracted from the MPA-JHU release for the Sloan Digital Sky Survey (SDSS) Data Release 7 (DR7) 1 (Kauffmann et al., 2003a; Brinchmann et al., 2004; Salim et al., 2007; Abazajian et al., 2009 8 M ⊙ at redshifts of 0.04-0.1. These objects are distinguished as star-forming galaxies, AGNs, or galaxies with non-negligible contribution from AGNs (hereafter composite objects) on the Baldwin-Phillips- Baldwin et al. (1981) ). The boundary defined by Kewley et al. (2001) is used to discriminate star-1 http://www.mpa-garching.mpg.de/SDSS/DR7/ forming galaxies and composite objects from AGNs, and then the boundary defined by Kauffmann et al. (2003b) is used to distinguish between star-forming galaxies and composite objects (see also §3.3). The number of starforming galaxies, composite objects, and AGNs are 67764, 10764, and 7710, respectively.
3. Physical state of ISM in galaxies at z ∼ 1.5
Six major emission lines in rest-frame optical are available for star-forming galaxies at z ∼ 1.5 in this study, allowing us to investigate their physical state of ISM in detail. We rely on stacked spectra to study the average properties, since most individual spectra are not deep enough to detect all the nebular emission lines at S/N>3. However, we also investigate individual measurements where available.
We first study the electron density of H II regions in z ∼ 1.5 star-forming galaxies. Electron density has an impact on line strengths. The Balmer lines (e.g., Hα and Hβ) are emitted from recombination of ionized hydrogen gas, while [O III] and [O II] are emitted by collisional excitation to forbidden transition states followed by radiative de-excitation. We then correct the emission lines for dust extinction. Correction for dust extinction in the nebular emission is important for reliable measurement of intrinsic ratios of nebular emission lines (e.g., Ly et al., 2012b) . Next, we use several line ratios to examine possible contributions of AGN to the emission lines ( §3.3), ionization parameter ( §3.4), and metal abundance ( §3.5). Ionization level is closely related to the intensity of the radiation field in the nebular gas, while metal abundance reflects various galaxy evolution processes. doublet using the stacked spectra, and individual spectra for bright galaxies.
We find that the galaxies at z ∼ 1.5 have electron densities (n e ) of ∼ 10 2 cm −3 . Figure 5 shows that there is no clear dependence of [S II]λ6716/[S II]λ6731 on stellar mass of the galaxy, and suggests that electron density in z ∼ 1.5 star-forming galaxies is consistent with typical estimates for local galaxies, i.e., n e ∼10-10 2 cm −3 (Osterbrock, 1989; Shirazi et al., 2014) . The electron density shown in the right axis of Figure 5 is estimated from the intensity ratio of the [S II] doublet under the assumption of T e = 10 4 K, using the IRAF task temden (Shaw & Dufour, 1994 Figure 5 ). Masters et al. (2014) measure an electron density of n e ≃100-400 cm −3 for composite spectra of galaxies at z = 1.85. Rigby et al. (2011) found an electron density of n e = 252 +30 −28 cm −3 from the ratio of the [O II] doublet in a z = 1.70 lensed starforming galaxy. The electron density of our [O II] emitters at z ∼ 1.5 is consistent with those of galaxies at similar redshifts, and with little evolution as a function of redshift.
Some studies have found higher electron densities of ∼ 10 3 cm −3 from [S II] doublet measurements for lensed galaxies at z ∼ 2 (Hainline et al., 2009; Bian et al., 2010) . Hainline et al. (2009) derive electron densities of 320-1600 and 1270-2540 cm −3 for the "Cosmic Horseshoe" (z = 2.38) and the "Clone" (z = 2.00), respectively. Bian et al. (2010) 3 or 8.9×10 2 cm −3 at 10 4 K. The uncertainties in our individual measurements are large, but our stacks suggest that such galaxies with denser gas are probably not in the majority.
Dust extinction
The difference between the observed and intrinsic ratios of Hα to Hβ, i.e., Balmer decrement, can be used to estimate the attenuation of nebular emission by dust. Assuming an electron temperature of T e = 10 4 K and electron density of n e = 10 2 cm −3 for Case B recombination, the intrinsic ratio of Hα/Hβ is 2.86 (Osterbrock, 1989) . In converting the value of Balmer decrement into extinction at 6563Å, we assume the reddening curve of Calzetti et al. (2000) . Figure 6 shows the observed ratio of Hα/Hβ as a function of stellar mass. Note that no correction is made for the absorption of stellar continuum at the Hα and Hβ wavelengths. The stellar continuum is not detected in individual FMOS spectra, and it is hard to estimate the influence of the absorption of stellar continuum on the Balmer lines reliably with only our data. Thus, we assume that the absorption is weak enough for the correction not to be required, if any (see also, e.g., Steidel et al., 2014) .
For individual measurements, about half of them have observed Hα/Hβ ratios that are consistent with the unreddened Case B value of 2.86 within the uncertainties. However, many galaxies have line ratios of Hα/Hβ <2.86. The reason for the lower line ratio is unclear, however, it is possible that the error is larger than what is shown in the figure, due to the uncertainty in positioning of individual fibers allocated to the galaxies. While assuming a higher electron temperature T e > ∼ 10 4 K can slightly reduce the intrinsic Hα/Hβ, the ratio only decreases to 2.74 for T e = 2 × 10 4 K and n e = 10 2 cm −3 (Osterbrock, 1989) . The results of individual dust extinction measurements with both Hα and Hβ available can be biased towards relatively low Hα/Hβ ratios of < ∼ 2.86, since Hβ is easier to detect with less dust extinction or intrinsically large Hβ luminosity.
On the other hand, the stacked spectra appear to follow the relation between A(Hα) and stellar mass given by Garn & Best (2010) , although the extinction in the highest mass bin is lower than the relation. As suggested by the dual narrow-band survey simultaneously targeting Hα and [O II] for star-forming galaxies at z ≈ 1.47 (Sobral et al., 2012) , we also confirm that the relation of Garn & Best (2010) is applicable to most star-forming galaxies at z ∼ 1.5 using the Balmer decrement (see also Domínguez et al., 2013; Price et al., 2014) . With the stacked spec-[Vol. , 4 K. The black filled circles show the ratio of the individual galaxies with the doublet detected at > 3σ. Red pentagon, blue diamonds, and green hexagons show the average ratios derived from the stacked spectra of sample-1, sample-2 and sample-3, respectively. The contours show the distribution including 68%, 95%, and 99% of star-forming galaxies in the local Universe, where the thicker contour includes the lower percentage of the population. (2000) is assumed. The black filled circles show the individual measurements with the two lines detected at > 3σ, while blue squares show the average ratios derived from the stacked spectra (sample-2). The dotted line shows the intrinsic unreddened Case B value of Hα/Hβ=2.86. The stacked spectrum with all galaxies indicates an average line ratio of Hα/Hβ =3.57, resulting in A(Hα) =0.63. The open circles show the galaxies with Hβ detected at 2-3σ, while the arrows show lower limits on the ratio using the 2σ upper limit of Hβ for galaxies without Hβ detections. The solid curves show the relation between A(Hα) and stellar mass in the local Universe and its ±1σ distribution given by Garn & Best (2010) . trum of sample-1, we find that our [O II] emitters have an average dust extinction of A(Hα) = 0.63.
In this paper, unless otherwise specified, we adopt the following procedure to correct for dust extinction of nebular emission. First, we assume the dust extinction curve given by Calzetti et al. (2000) . For galaxies with both Hα and Hβ detected at S/N>3, the dust extinction is estimated from Balmer decrement. However, if (Hα/Hβ) obs <2.86, we assume zero dust extinction. For galaxies without an observed Hα/Hβ ratio, the Garn & Best (2010) relation between A(Hα) and stellar mass is used.
BPT diagnostics diagram
The BPT diagram that compares [O III]λ5007/Hβ against [N II]λ6584/Hα (Baldwin et al., 1981) is frequently used to classify galaxies and understand whether massive young stars, shocks, or AGN power the ionization of the gas. We illustrate in Figure 7 the average BPT line ratios, as well as, measurements for individual galaxies if all four lines are detected at S/N>3. Here, we apply the boundary defined by Kewley et al. (2001) to identify AGNs, and The black circles show the individual galaxies with all of the four lines detected, while red pentagon and blue diamonds show the average ratios derived from the stacked spectra of sample-1 and sample-2, respectively. Open squares show the line ratios for the stacked spectra of mass-selected star-forming galaxies at z ∼ 1.4 (Yabe et al., 2014) . The dashed-dotted and dotted lines show the relations fitted to z ∼ 2.3 star-forming galaxies in the Keck Baryonic Structure Survey (KBSS; Steidel et al., 2014) and MOSFIRE Deep Evolution Field (MOSDEF; Shapley et al., 2014) survey, respectively. The contours show the distribution including 68%, 95%, and 99% of star-forming galaxies (blue), composite objects (green), and AGNs (red) in the local Universe, respectively, where the thicker contour includes the lower percentage of the population. The solid lines are the boundaries defined by Kauffmann et al. (2003b) and Kewley et al. (2001) to distinguish the populations at low redshift. The dashed line is the upper limit of the distribution of star-forming galaxies at z = 1.5 that Kewley et al. (2013b) proposed.
use Kauffmann et al. (2003b) 's boundary to distinguish star-forming galaxies from composite objects and AGNs. The figure shows that none of our galaxies are located in the AGN region. This result is consistent with the low velocity dispersion of the emission lines, which indicates that our galaxies are not Type-1 AGN ( §2.1.3). Since the FMOS fibers measure integrated light, there is still a possibility that the galaxies host an obscured or weak AGN. In such a case, the AGN would not be expected to contribute significantly to the emission lines we observe.
Several recent studies have reported an offset on the BPT diagram for star-forming galaxies at z ≈ 1.5-2.5, compared with that of local galaxies (e.g., Erb et al., 2006; Rigby et al., 2011; Domínguez et al., 2013; Newman et al., 2014; Shapley et al., 2014; Steidel et al., 2014; Yabe et al., 2014; Zahid et al., 2014) . Figure 7 shows that our [O II] emitters at z ∼ 1.5 also have an offset on the BPT diagram, which is consistent with previous studies. From a photoionization modeling perspective, Kewley et al. (2013b) derive a redshift-dependent boundary to separate purely star-forming galaxies from galaxies hosting an AGN. The revised boundary classifies our [O II] emitters at z ∼ 1.5 as star-forming galaxies (Figure 7) . Kewley et al. (2013a) discusses the influence of the ionization parameter, the electron density, and the shape of UV spectrum on the BPT line ratios. Kewley et al. (2013a) ratios that are similar to or slightly smaller than that of local galaxies ( §3.5 and see also Stott et al., 2013; Yabe et al., 2014; Zahid et al., 2014) . This implies that an upward shift of the [O III]/Hβ ratio is necessarily required to match the distribution of the local galaxies with that of the [O II] emitters at z ∼ 1.5, at a given stellar mass. Furthermore, the absence of strong cosmic evolution in the typical line ratio of the [S II] doublet suggests that electron density is not responsible for the BPT offset, as shown in §3.1. One possible explanation is a larger ionization parameter. In the next section, we investigate the ionization parameter for the [O II] emitters at z ∼ 1.5, and discuss whether this interpretation is correct.
Ionization parameter
It is known that some galaxies at low redshifts, socalled "Green Peas" (GPs; Cardamone et al., 2009 ), have extremely high [O III] equivalent width. These green peas are rare, low-mass systems with low metallicity (Cardamone et al., 2009; Amorín et al., 2010) . Recent studies have found high-z galaxies that possess strong [O III] emission (Ly et al., 2007 (Ly et al., , 2014a van der Wel et al., 2011; Nakajima et al., 2013; Nakajima & Ouchi, 2014; Richardson et al., 2013; Atek et al., 2014; Amorín et al., 2014b; Holden et al., 2014; Shirazi et al., 2014) . The ratios of nebular emission lines of star-forming galaxies at z=1-3 on the BPT diagram imply that typical galaxies at high redshifts tend to have stronger [O III] emission, than local star-forming galaxies (Figure 7) .
The ionization parameter is defined as
where Q H 0 is the number of ionizing photons above the Lyman limit per unit time, R s is the Strömgren radius, and n H is the hydrogen density. The left panel of Figure 8 shows emitters at z ∼ 1.5 are larger than those of typical galaxies at z < 1, and consistent with those of galaxies at z = 1-2 (Queyrel et al., 2009; Rigby et al., 2011; Christensen et al., 2012b) , as well as, Lyman α emitters (LAEs) and Lyman break galaxies (LBGs) at z ∼2-3 (Richardson et al., 2013; Amorín et al., 2014b; Nakajima & Ouchi, 2014) .
The right panel of Figure 8 shows the dependence of [O II] emitters are larger than those of typical galaxies at z < 1, and consistent with those of most galaxies at z = 1-2 as well as LBGs at z ∼2-3. Massive star-forming galaxies with stellar mass of ∼ 10 10 M ⊙ at z ∼ 1.5 appear to have [ emitters at z ∼ 1.5 may be increased by higher ionization parameters. We discuss possible mechanisms causing the high ionization parameter in high-z galaxies in §4.
Gas-phase metallicity
Gas-phase metallicity derived from electron temperature measurements are considered to be the most reliable. This is because metals aid in the cooling of gas by No. ] Physical conditions of the ISM at z ∼1.5 11 optically-thin radiation, and thus electron temperature is sensitive to the gas-phase metallicity. However, such measurements are difficult to obtain, because the emission line allowing us to estimate the electron temperature is too weak to be detected for individual galaxies 2 . Therefore, several "strong-line" emission-line diagnostics, which are calibrated with local galaxies, are widely used to derive gas-phase metallicity of high-z galaxies. Here, we will assume that these diagnostics are applicable for high-z galaxies.
However, we must be cautious in interpreting high-z metallicity studies. In particular, the measured ionization parameter appears to evolve with redshift ( §3.4). Furthermore, recent studies have examined the nitrogento-oxygen abundance (N/O), and find enhancement relative to local galaxies with the same oxygen abundance (Teplitz et al., 2000; Amorín et al., 2010; Masters et al., 2014; Shapley et al., 2014) .
N/O abundance ratio
The Given the result that galaxies at z ∼ 1.5 have higher ionization parameter than local galaxies, the R 23 value does not necessarily measure metallicity evolution. Higher ionization parameter leads to lower metallicity at a given R 23 (Kewley & Dopita, 2002) , suggesting that oxygen abundance of high-z galaxies is lower than that of local galaxies. Nevertheless, the [O II] emitters at z ∼ 1.5 are likely to have higher N/O abundance ratio than local star-forming galaxies. The result that we find is similar to recent find-2 Some studies have succeeded in measuring or providing a strong constraint on the electron temperature (e.g., Kakazu et al., 2007; Hu et al., 2009; Yuan & Kewley, 2009; Rigby et al., 2011; Christensen et al., 2012a; Ly et al., 2014a,b; Amorín et al., 2014a) Fig. 9 The line ratio of [N II]λ6584/[O II]λ3727 as a function of R 23 (top) and stellar mass (bottom). The line ratio is correlated with the nitrogen-to-oxygen ratio (N/O), while R 23 is an indicator of oxygen abundance, O/H. The black circles show the ratio of the individual galaxies with all of the required lines detected, while the red pentagon, blue diamonds, and green hexagons show the average ratios derived from the stacked spectra of sample-1, sample-2 and sample-3, respectively. The star shows the average ratio for composite spectrum at z = 1.85 (Masters et al., 2014) . The right axis shows the N/O ratio based on calibration by Pérez-Montero & Contini (2009) . The contours show the distribution including 68%, 95%, and 99% of star-forming galaxies (blue), composite objects (green), and AGNs (red) in the local Universe, respectively, where the thicker contour includes the lower percentage of the population. Fig. 10 The line ratio of [N II]/Hα as a function of stellar mass. The vertical axis on the right shows the oxygen abundance corresponding to the N2 index, using the calibration given by Pettini & Pagel (2004) . The black filled circles show the ratio of the individual galaxies with the doublet detected at > 3σ. The red pentagon, blue diamonds, and green hexagons show the average ratios derived from the stacked spectra of sample-1, sample-2 and sample-3, respectively. The solid line and stars show the relations given by Yabe et al. (2014) and Zahid et al. (2014) for star-forming galaxies at z ∼ 1.4 and z ∼ 1.6, respectively. The contours show the distribution including 68%, 95%, and 99% of star-forming galaxies in the local Universe, where the thicker contour includes the lower percentage of the population. ings of Amorín et al. (2010) for GPs and Masters et al. (2014) for star-forming galaxies at z ∼ 1.85. Teplitz et al. (2000) also found high nitrogen abundance for MS 1512-cB58, which is a gravitationally lensed starburst galaxy at z = 2.72. Figure 9 also shows that there is no significant difference in dependence of N/O abundance ratio on stellar mass between the [O II] emitters at z ∼ 1.5 and local starforming galaxies. This suggests that at a given stellar mass, the [O II] emitters have similar N/O abundance ratio to local star-forming galaxies, which is the same as the recent finding of Amorín et al. (2010) for GPs. On the other hand, Pérez-Montero et al. (2013) found evidence for redshift evolution in the relation between N/O abundance ratio and stellar mass for z < ∼ 0.4. In particular, they argue that galaxies at z =0.2-0.4 are offset in N/O abundances from local galaxies by -0.14±0.31 dex. While this is in disagreement with our result for [O II] emitters at z ∼ 1.5, we note that the selection functions of our sample and Pérez- Montero et al. (2013) are different, and it is not clear if these differences may affect N/O abundance measurements.
Pérez- Montero & Contini (2009) found that it is likely that some star-forming galaxies are classified as composite objects due to high [N II]/Hα ratio resulting from high N/O abundance ratio. The SDSS subsample of starforming galaxies may be biased toward star-forming galaxies with low N/O abundance ratio, which can lead us to underestimate the N/O abundance ratio of local starforming galaxies. This suggests that it is possible that at a given metallicity the difference in N/O abundance ratio between the [O II] emitters at z ∼ 1.5 and local starforming galaxies is smaller than what is shown in Figure 9 . Also, this may result in the slight evolution of the relation between N/O abundance ratio and stellar mass, as seen by Pérez-Montero et al. (2013) . However, Figure 9 shows that the line ratios of [N II]λ6584/[O II]λ3727 are similar to those of local composite objects, although in the BPT diagram (Figure 7 ), most [O II] emitters at z ∼ 1.5 are located in the star-forming region defined by Kauffmann et al. (2003b) . Thus, we cannot completely rule out the possibility that the [O II] emitters at z ∼ 1.5 have higher N/O abundance ratio at a given metallicity than local starforming galaxies, while having similar N/O abundance ratio at a given stellar mass. The trends of N/O abundance ratio against oxygen abundance and stellar mass, as shown in Figure 9 , appear to be due to the evolution of mass-metallicity relation between the [O II] emitters at z ∼ 1.5 and local star-forming galaxies. Figure 10 shows the [N II]λ6584/Hα ratio as a function of stellar mass. The N2 index, log([N II]λ6584/Hα), is widely used as a proxy for oxygen abundance at high-z (e.g., Denicoló et al., 2002; Pettini & Pagel, 2004) . Since different diagnostics can lead to different metallicity estimates (Kewley & Ellison, 2008) , one of the merits of using the N2 index is ease of a fair comparison between our result and previous studies (e.g., Erb et al., 2006; Hayashi et al., 2009; Stott et al., 2013; Yabe et al., 2014; Zahid et al., 2014) . Figure 10 shows that there is a dependence of the [N II]/Hα ratio on stellar mass for both individual galaxies and the average from stacked spectra. The [N II]/Hα distribution for individual galaxies at z ∼ 1.5 is similar to that of local galaxies. We note that individual measurements are biased because of requiring [N II] emission. Thus, the results from stacked spectra (green symbols in the figure) show the proper, average relation for [O II] emitters at z ∼ 1.5. Our [O II] emitters at z ∼ 1.5 show steeper increase of the line ratio with the stellar mass, compared to local galaxies. The difference in the [N II]/Hα ratio between the two populations is 0.1 dex at the highest stellar mass bin, while the difference is 0.4 dex at the smallest stellar mass bin.
Oxygen abundance from [N II]λ6584/Hα
Higher ionization parameter leads to a lower N2 index at a given metallicity (Kewley & Dopita, 2002) . With evidence that there is a redshift evolution of the ionization parameter, the difference of the N2 index between various galaxy populations at different redshifts does not necessarily imply a metallicity difference. Since less massive [O II] emitters at z ∼ 1.5 tend to have higher ionization parameter, the metallicity for less massive galaxies may be more underestimated. We also find that the nitrogen- to-oxygen abundance ratio for [O II] emitters at z ∼ 1.5 is possibly higher than that of local galaxies, which can lead to overestimating the metallicity (Pérez-Montero & Contini, 2009; Morales-Luis et al., 2014) . Thus, all we can conclude from our data is that there is a mass-metallicity relation that extends toward M ⋆ ∼ 10 9 M ⊙ at z ∼ 1.5. Photoionization modeling allows us to take into account the dependence of line ratios on the ionization parameter in estimating the metallicity (e.g., McGaugh, 1991; Charlot & Longhetti, 2001; Kewley & Dopita, 2002) . The R 23 index and the relationship between metallicity, ionization parameter, and the line intensity ratios, which is derived from photoionization models, enable estimates of oxygen abundance without the concerns described above (Kobulnicky & Kewley, 2004) , although at a given R 23 value there are two metallicity solutions of low and high metallicities. We will estimate oxygen abundance more reliably with R 23 index, and then discuss the mass-metallicity relation and the correlation between stellar mass, metallicity, and SFR for our z ∼ 1.5 [O II] emitters in a forthcoming paper.
The ratio of Hα to [O II]
Hayashi et al. (2013) studied the relation between Hα and [O II] for galaxies at z = 1.47, and concluded that the luminosity of [O II] is well correlated with that of Hα, and thus [O II] can be used to estimate the star formation activity even at z = 1.47 (see also Lee et al., 2012; Sobral et al., 2012) . However, this study is based on the stacking analysis of narrow-band Hα images for [O II] emitters at z = 1.47. Therefore, it is worth investigating the relation between Hα and [O II] for 115 individual galaxies at z ∼ 1.5. 2) . The right panel shows again the tight correlation where the ratio is 1.64 ± 0.19, which is consistent with the line ratio of local galaxies (Kennicutt, 1998; Moustakas et al., 2006) and with z ∼ 2 Hα-selected galaxies (Lee et al., 2012) . Note that the luminosity range of Hα and [O II] covered by individual galaxy samples is different by more than an order of magnitude between at z ∼ 1.5 and at z ∼ 0. Nevertheless, the tight correlation between Hα and [O II] at z ∼ 1.5 implies that the [O II] luminosity can be used to estimate star formation activity in galaxies at z ∼ 1.5, similar to that of local galaxies. This is consistent with the result of Ly et al. (2012a) 
Even if the ratio of Hα/[O II] is corrected for dust extinction, there is a non-negligible dispersion (σ = 0.19; Figure 11 ). Since the Hα/[O II] ratio can depend on the physical conditions in H II regions (e.g., Moustakas et al., 2006; Weiner et al., 2007; Gilbank et al., 2010; Maier et al., 2014b) , we compare the ratio to various properties. Given the earlier result that less massive galaxies have larger ionization parameter ( §3.4) The mass-metallicity relation may cause the stellarmass dependence of Hα/[O II]. However, the relation between metallicity and R 23 index (e.g., Pagel et al., 1979) implies that the emission from oxygen ions ([O II] and [O III]) becomes weaker against Balmer emission (Hβ) with increasing metallicity. We here assume that the galaxies follow the high-metallicity branch of the relation between metallicity and R 23 index. If this is true, the mass-metallicity relation should lead to a positive correlation between Hα/[O II] and stellar mass, which is contrary to what we observe.
We conclude that although the intrinsic ratio of Hα/[O II] for star-forming galaxies at z ∼ 1.5 is consistent with that of local galaxies, the ionization parameter has an impact on the Hα/[O II] ratio in H II regions.
Correlation between SFR and stellar mass
It is well known that normal star-forming galaxies at each redshift follow a correlation between SFR and stellar mass from z ∼ 0 up to z ∼ 3, which is sometimes called the "main sequence of star formation" or the "starforming sequence" (e.g., Daddi et al., 2007; Noeske et al., 2007; Salim et al., 2007; Peng et al., 2010; Whitaker et al., 10 M ⊙ ) + 1.45 with a dispersion of 0.23 dex. The contours show the distribution including 68%, 95%, and 99% of star-forming galaxies in the local Universe, where the thicker contour includes the lower percentage of the population. The broken line shows the relation for star-forming galaxies at z ∼ 1.6 obtained from Subaru/FMOS spectroscopy (Kashino et al., 2013) , while the dotted lines are the relations for starforming galaxies at z =0.5-1.0, 1.0-1.5, 1.5-2.0 and 2.0-2.5, respectively (Whitaker et al., 2014 (Whitaker et al., ). 2012 (Whitaker et al., , 2014 . We investigate the SFRs of the [O II] emitters at z ∼ 1.5 as a function of stellar mass, where the SFRs are derived from the dust-corrected Hα luminosities using the conversion given in Kennicutt (1998) . Note that we adjust the conversion factor to that based on Chabrier (2003) IMF to estimate SFRs from Hα luminosities. Figure 13 shows that there is a correlation between the SFRs and stellar masses, suggesting that almost all of the [O II] emitters are not extreme galaxies but normal star-forming galaxies which follow the main sequence at their redshift. From fitting a linear function to the individual [O II] emitters, the main sequence (MS) is expressed as log(SFR) = 0.38 × log(M ⋆ /10 10 M ⊙ ) + 1.45 with the dispersion of σ MS = 0.23 dex. Such a "main sequence" of star-forming galaxies at z ∼ 1.5 is consistent with other studies (e.g., Kashino et al., 2013; Whitaker et al., 2014) . However, the slope of the relation that we have obtained for the [O II] emitters is shallower than other studies ( Figure 13 ). This seems due to the selection bias for the [O II] emitters with Hα emission detected by our NIR spectroscopy.
The local star-forming galaxies are also plotted in Figure 13 . Although the [O II] emitters have been demonstrated to be typical star-forming galaxies at z ∼ 1.5 (see also Ly et al., 2012a) , the comparison with the local galaxies indicates that at a given stellar mass, star-forming galaxies at z ∼ 1.5 have SFRs a factor of ∼30 times larger than typical local star-forming galaxies. We discuss the effect of the enhancement of star-forming activity at higher redshifts on the ISM of high-z star-forming galaxies in §4.1.
Discussion
Unlike typical local galaxies, we have found that starforming galaxies at z ∼ 1.
∼ 1 and a large ionization parameter at all stellar masses. We discuss the origin of the large ionization parameter for starforming galaxies at z ∼ 1.5, and then compare the line ratios for our star-forming galaxies at z ∼ 1.5 against several NIR spectroscopic studies of star-forming galaxies at z ≈ 1.5-2.5.
The cause of large ionization parameter
Several mechanisms have been considered to explain the high ionization state (e.g., Pérez-Montero & Díaz, 2005; Kewley et al., 2013a; Nakajima & Ouchi, 2014; Pérez-Montero, 2014) : the shape of the ionizing radiation field which depends on an effective temperature of ionizing sources and metallicity, the geometry of nebular gas, and the hydrogen density. Since we find the electron density of H II regions in galaxies at z ∼ 1.5 is similar to that of local galaxies ( §3.1), it is unlikely that there is a significant difference in hydrogen density between star-forming galaxies at z ∼ 0 and 1.5.
First, we consider the geometry of nebular gas. Equation (2) states that a smaller Strömgren radius can result in a higher ionization parameter. We begin with the simple assumption that the nebular gas has a homogeneous distribution around young stars in H II regions. In an ionization-bounded scenario, the radius of H II regions is the Strömgren sphere radius, which is determined by an equilibrium between photoionization and recombination. In the density-bounded case, the radius is determined by the size of gas clouds, which is smaller than the Strömgren radius. Thus, at a given hydrogen density, density-bounded H II regions are more able to explain high ionization parameters than ionization-bounded regions. We note that the actual distribution of nebular gas is likely to be inhomogeneous. If the distribution of nebular gas within H II regions is clumpy, then a densitybounded scenario is feasible. However, a more detailed discussion on the geometry of nebular gas is not possible with the existing seeing-limited data.
Another possible explanation for the high ionization parameter is due to the radiation field. Of course, AGNs can result in a higher radiation field, and shocks from galactic winds can trigger additional excitation of the ionized gas (e.g., Rich et al., 2011; Fogarty et al., 2012) . However, the emission-line ratios and line profiles suggest that an AGN hard radiation field is negligible (Figures 4 and 7) . Since lower metallicity, which is found in star-forming galaxies at z ∼ 1.5, can lead to a harder radiation field, metallicity may play an important role in determining ionization parameter. Indeed, there is a correlation between ionization parameter and metallicity (Pérez-Montero, 2014) . However, the left panel of Figure 8 indicates that even at a given R 23 index (oxygen abundance), star-forming galaxies at z ∼ 1.5 have larger ionization parameter than galaxies at lower redshifts.
Both SFR and specific SFR (SFR/M ⋆ ) at a given stellar mass increase with redshift up to z ∼ 2-3, and less massive galaxies have higher specific SFRs. (e.g., Whitaker et al., 2012; Speagle et al., 2014; Ilbert et al., 2014; Tasca et al., 2014 , and see also Figure 13 ). Higher star-formation activity corresponds to an increasing number of ionizing photons, which could result in a larger ionization parameter at z ∼ 1.5 if the geometry and density of gas do not change.
To investigate how the high star-forming activity affects the ionization state of ISM, we compare the [O II] emitters with local star-forming galaxies with comparably large SFRs. They are selected as galaxies with log(SFR) > 0.38 × log(M ⋆ /10 10 M ⊙ ) + 0.8 ( Figure 14) . Only a very small fraction of local galaxies meet this criterion. Figure  14 shows that many local star-forming galaxies with high As we probe higher redshifts, closer to the formation epoch of the galaxies, the ages of galaxies should be younger. O-type stars (age<1-10Myr) as well as WolfRayet stars (age∼3-5Myr) may be present. Also, Stanway et al. (2014) shows that high [O III]/Hβ ratios with high ionization parameter can be reproduced for up to ∼100 Myr by taking into account binary stars, which have a significant impact on the evolution of massive and WolfRayet stars. Therefore, one possibility is that massive young stellar populations harden the radiation field of high-z galaxies.
4.2.
Comparison with other high-z galaxies Stott et al. (2013) studied 193 Hα emitters at z = 0.84 and 1.47, which were selected from the High-redshift Emission Line Survey (HiZELS). The observation was conducted in high resolution mode with Subaru/FMOS. Among the Hα emitters, 152 galaxies are at z = 1.47. Zahid et al. (2014) studied 162 star-forming galaxies at z ∼ 1.6 in the COSMOS field, which were also observed in high resolution mode with Subaru/FMOS. Among the lines for individual galaxies and stacked spectra, and then investigated the line ratios and gas-phase metallicity. The number of galaxies in these studies is a factor of 2-3 larger than our sample. However, our study is the only one with individual intensity measurements of [O II] for 118 galaxies at z ≈ 1.47 and 1.62. In terms of BPT diagnostics, we note that our result is consistent with previous high-z studies. Thus, there is a consensus that star-forming galaxies at z ≈ 1.4-1.6 are offset from local star-forming galaxies with different [O III]/Hβ and [N II]/Hα line ratios (Figure 7 ).
There is a discrepancy between the stellar mass-[N II]/Hα relation that we measure and those of Zahid et al. (2014) and Yabe et al. (2014) . At a given stellar mass, star-forming galaxies in our sample show larger [N II]/Hα ratios (Figure 10 ). Note that we convert all stellar mass estimates to a common IMF (Chabrier, 2003) , where applicable. Therefore, the reason for the disagreement is unclear. One possibility is a selection bias. Our galaxies are selected by their [O II] emission, while these studies selected by their rest-frame optical continuum (K s -selected). Stott et al. (2013) find a higher [N II]/Hα ratio as a function of stellar mass. They had selected galaxies by their Hα emission. While our result is consistent with that of Stott et al. (2013) at stellar mass > ∼ 10 10 M ⊙ , the [N II]/Hα ratios of our galaxies are lower at stellar mass < ∼ 10 10 M ⊙ . Since the sample used in Stott et al. (2013) includes galaxies at z = 0.84, it may result in higher line ratios, due to the evolving mass-metallicity relation. It is also worth considering whether the ionization parameter and/or N/O abundance are affected by selection effects. However, this investigation requires additional observations, as previous studies do not have information on the [O II] emission.
Large NIR spectroscopic surveys are being conducted at higher redshifts (z ≈ 2.0-2.6) with Keck/MOSFIRE. Steidel et al. (2014) presented initial results of the Keck Baryonic Structure Survey which studies 179 star-forming galaxies at z ∼ 2.3. Shapley et al. (2014) presented early observations of the MOSFIRE Deep Evolution Field survey, which studies 118 star-forming galaxies at z ∼ 2.3. They also show that there is an offset on the BPT diagram from local galaxies (Figure 7 and see also e.g., Erb et al., 2006) , and that the N/O abundance ratio of galaxies at z ∼ 2.3 is likely to be different from local galaxies. Therefore, strong [O III] emission and high N/O ratio appear to be common in high-z galaxies at z ≈ 1.5-2.5.
Conclusions
We conducted near-infrared spectroscopy with FMOS on the Subaru Telescope for 118 [O II] emission-line galaxies at z ∼ 1.5 in the Subaru Deep Field, to investigate the physical state of the interstellar medium of typical starforming galaxies at high redshift, using rest-frame optical nebular emission lines. The galaxy sample consists of [O II] emitters at z ≈1.47 and 1.62 selected by NB921 and NB973 narrow-band imaging with Suprime-Cam on the Subaru Telescope (Ly et al., 2007 (Ly et al., , 2012a . Moderateresolution (R ∼ 2200) spectra in two wavelength regions, 1.11-1.35µm and 1.60-1.80µm, were obtained.
We have detected the Hα emission line in H-band spectra for 115 galaxies, and [O III]λ5007 emission line in Jband spectra for 45 galaxies. Among these galaxies, Hβ, [N II]λ6584, [S II]λλ6716,6731 are also detected for 13, 16, and 6 galaxies, respectively. Including the [O II]λ3727 emission line measured by narrow-band imaging, we use six major nebular emission lines in the rest-frame optical to investigate physical state of the interstellar medium in typical star-forming galaxies at z ∼1.5.
We have found a tight correlation between Hα and [O II], which suggests that [O II] can be a good indicator of star formation activity for galaxies at z ∼ 1. ratios are larger than normal star-forming galaxies in the local Universe, suggesting that ionization parameter is enhanced for typical starforming galaxies at z ∼ 1.5. Less massive galaxies have larger [O III]/[O II] ratios. With the result that the electron densities in our galaxies are consistent with local galaxies, the high ionization parameter of galaxies at high redshifts may be attributed to a harder radiation field by young stellar populations and/or the increasing number of ionizing photon from massive stars.
At a given oxygen abundance, star-forming galaxies at z ∼ 1.5 may have relatively higher nitrogen-to-oxygen abundance ratio, compared to local galaxies. However, no clear difference in N/O abundance ratio is seen between the galaxies at z ∼ 1.5 and z ∼ 0 at a given stellar mass. These contrasting results suggest that the evolution of mass-metallicity relation is responsible for the observed trends in N/O abundance ratio at z ∼ 1.5. The differences in the physical state of the ISM from local galaxies indicate that direct measurements of metallicity, not using diagnostics with strong emission lines which are calibrated with local galaxies, is required to properly study the massmetallicity relation at high redshifts.
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